We report on the electrical tuning of the interaction range between colloidal particles in nematic liquid crystals. The experimental demonstration relies on the study of the dynamics of a real colloidal particle made of a glass sphere in the presence of an artificial laser-induced colloid that results from the local distortion of the nematic by a Gaussian light beam. The optoelastic interaction range between such a pair of colloids is shown to be fully controlled electrically. Moreover, all the observations are well described by an analytical model that accounts for the field-induced reorientation of the liquid crystal and the overlap between the long-range director distortion around both colloids.
In materials science, the long-range orientational order of liquid crystal mesophases has been found useful to selfassemble colloidal particles.
1 Basically, the interaction potential of colloids in liquid crystals is anisotropic 2 and leads to various self-assembled structures of microparticles. 3 In particular, natural liquid crystal topological defects are of paramount importance to achieve stable two-dimensional self-assembled structures. 4 Extension to three-dimensional colloidal architectures has great application potential in optics towards the realization of photonic crystals and metamaterials in the visible domain, for which the so-called blue phases of liquid crystals are predicted to be promising candidates. 5 In this context, optical strategies enabling controlled distant manipulation of particles or colloidal structures are desirable. This involves light-driven force and torques mediated by the long-range interaction of liquid crystals. This was originally demonstrated almost a decade ago by Musevic and coworkers who unexpectedly trapped a nematic colloid using high numerical aperture laser tweezers 6 -unexpected since gradient force trapping 7 is forbidden when the refractive index of the object is lower than that of the surrounding medium. The rst explanation distinguished two different regimes:
8 (i) below the onset of the so-called optical Fréedericksz transition, 9 the dressed nematic colloid behaves as a high refractive index particle compared to the surrounding medium and is consequently trapped by conventional optical gradient forces;
(ii) above the onset of the transition, the optically reoriented area behaves as a 'ghost' colloid and minimization of the elastic free energy is responsible for trapping, as is the case between two real colloidal particles.
2 Since then, counterintuitive thresholdless optical reorientation of homeotropic nematic lms (i.e. provided with perpendicular alignment boundary conditions) at normal incidence and moderate focusing conditions has been unveiled. 10, 11 This has led to the recent demonstration of distant optical trapping of nematic colloids even under poorly focused Gaussian beams, 12 in stark contrast to conventional optical trapping. Besides bulk reordering schemes, surface-driven optical manipulation of particles and complex colloidal structures in liquid crystals has also been proposed recently. 13 The combination of optoelastic interaction with the action of external electric or magnetic eld is expected to bring other degrees of freedom to the existing toolbox for the versatile control of colloids in anisotropic uids, which we explore in the present work.
Here we report on the electrical tuning of the optoelastic interaction range between real and laser-induced ghost Fig. 1 (a) Experimental sketch. A real colloidal particle in a nematic film interacts with a laser-induced 'ghost' colloid and may experience an attracting optoelastic force F. (b) White light imaging of the dipolar nematic real colloid between crossed polarizers (along x and y) where the dark cross refers to the axisymmetric director profile around the particle due to homeotropic boundary conditions both on the particle surface and film substrates. Scale bar is 5 mm.
colloidal particles in nematics, see Fig. 1(a) . The optoelastic interaction range between such a pair of colloids is experimentally demonstrated to be fully controlled by low-voltage electric elds. In particular, we show that the optoelastic interaction can be electrically screened in the case of a nematic with positive dielectric anisotropy. Moreover, we develop a model that accounts for (i) the electrical realignment of the liquid crystal along the electric eld direction and (ii) the overlap between the long-range orientational distortion around both colloids. We stress that our approach is conceptually more intuitive than previous attempts based on the analogy with dipolar and quadrupolar interaction and the extension to materials with negative dielectric anisotropy is also discussed.
Experimental
The liquid crystal sample is a L ¼ 50 mm thick lm of a 4 0 -npentyl-4-cyanobiphenyl (5CB) nematic compound sandwiched between two parallel glass substrates provided with ITO electrodes that are transparent in the visible domain. Both substrates are covered by dimethyloctadecyl [3-(trimethoxysilyl) propyl]ammonium chloride (DMOAP, from FLUKA), which ensures strong homeotropic anchoring. Silica spheres (from Bang Laboratories Inc.) with 2.5 mm radius and refractive index n s ¼ 1.37, also covered by DMOAP, are dispersed in the nematic before capillary lling of the cells. The refractive indices of 5CB along and perpendicular to the director (i.e. a unit vector that denes the local average molecular orientation) are n k ¼ 1.71 and n t ¼ 1.54 at the used wavelength. The trapping light source is a linearly polarized Gaussian laser beam at 532 nm wavelength that is focused at normal incidence onto the sample. The beam divergence angle in the nematic is q 0 ¼ 3.1 , hence preventing gradient force optical trapping as quantitatively demonstrated in previous work. 12 The real-time dynamics of the real colloid is retrieved from CCD camera video imaging by using a white light illumination from the opposite side with respect to the incident laser beam.
In practice, we select an isolated dipolar colloidal particle, see Fig. 1 (b), lying at an altitude z approximately in the middle of the cell. The laser beam is focused at the same altitude, thereby preventing spurious heating effects due to ITO absorption, 14 at an initial distance d 0 from the particle. Then, the particle motion is recorded for various values of d 0 and applied voltage V at 1 kHz frequency, the incident laser beam power being xed at P ¼ 10 mW. In all cases, the experimental conditions (polarization state direction and location of the laser beam with respect to dipolar colloid) correspond to 'easy-axis' optical trapping, 8 namely, the colloid trajectory is a straight line. The typical behavior of the dipolar colloid dynamics is shown in Fig. 2 for different applied voltages when d 0 ¼ 23 mm. The larger the V the slower the rst stage of the motion though the nal stage of the dynamics follows a voltage independent scenario. Noticeably, the colloid is no longer attracted towards the laser beam above a well-dened voltage value V ¼ V q named the quenching voltage, see curve (e) in Fig. 2 . The slowing down of the trapping time s as a function of the applied voltage for d 0 ¼ 17, 23, 29 and 35 mm is shown in Fig. 3 , where dashed lines refer to the quenching voltage. Experimentally, the quenching voltage is determined as the one for which the particle keeps its initial position for observations longer than 45 min. This is summarized in Fig. 4 , where the area below the curve V ¼ V q refers to a nonzero attracting force whereas above it the optoelastic force vanishes. All these results indicate that the attractive part of the interaction potential strongly depends on voltage. This can be quantitatively characterized experimentally from the evaluation of the total force F exerted on the colloid at the early stage of the dynamics, just aer the laser beam is turned on. Indeed, in that case, F is well approximated by its attracting Coulomb-like contribution 8, 12 when d 0 is large enough with respect to the equilibrium position d N .
For this purpose, neglecting the inertia of the glass sphere, F ¼ Fy [see Fig. 1 for sign conventions, y being the unit vector along the y axis] is balanced with the viscous drag force F D exerted on the moving particle by the surrounding uid. Using the low Reynolds number expression F D ¼ À6pRh(vd/vt)y, where h ¼ 86 mPa s is the effective viscosity for 5CB in our case, 15 we get F ¼ 6pRh(vd/vt). An example is shown in Fig. 5 (a) for d 0 ¼ 29 mm and V ¼ 0. By writing the attracting part of the In the next section, we elaborate a model to describe all our observations, thereby unveiling the underlying physical mechanism at work for such an electrically controlled optoelastic interaction range of nematic colloids.
Model
With the aim at describing the interaction between the real (R) and ghost (G) nematic colloids, a representation of the distorted director eld around them is needed. For this purpose, the general method consists of the minimization of the total (elastic + electric + optical) free energy, which accounts for the coupling between the director eld and both the light eld and the quasistatic electric eld. The presence of defects either due to the real colloid or associated with the light-induced ghost colloid is another ingredient to include. Formally, this can be handled numerically. However, to our knowledge, this has not been reported yet and is beyond the scope of the present study. In fact, here we want to exploit the experimentally well-established 1/r 2 dependence of the attractive part of the force exerted on the real colloid 6, 8, 12 to discuss the effects of the applied electric eld.
For this purpose, we propose an effective analytical approach by restricting the analysis to a large enough interparticle distance, without intending to describe the director prole neither of the ghost colloid nor around the real one. Therefore, both the presence of defects and the optical reorientation issues are discarded. Moreover, under the assumption of axial symmetry and small reorientation amplitude, we retain only the fundamental mode for the tilt angle w of the director with the z axis, w(r,z) ¼ q(r)sin(pz/L). According to this, we obtain a differential equation for the reorientation amplitude q(r), which results from the minimization of the total (elastic + electric) free energy (see for instance ref. 16 , though paying attention that we are dealing here with positive dielectric anisotropy). Consistent with an asymptotic description, we merely keep the linearized version of it, namely
where we introduced the reduced voltageṼ ¼ V/V F with This gives
The solution of eqn (2) is written as q
0 exp(Àr/x) with x ¼ (R,G) and q (x) 0 referring to the effective extrapolated tilt value at r ¼ 0, whose physical meaning will be discussed hereaer.
17
The basic idea to describe the voltage-induced optoelastic interaction screening relies on the fact that, physically, the attraction force originates from a spontaneous molecular rearrangement that lowers the total free energy of the system. This necessarily implies the mutual inuence between the real and the ghost colloid, which occurs when, at some location, both q (R) and q (G) are larger than a typical value q T given by thermal orientational uctuations. Indeed, one can speak of director reorientation only when the director orientation goes beyond the average uctuation. The quenching conditions are therefore expressed as q (R) (r (R)
T . This gives At fixed d 0 , an attracting force is exerted on the particle when V < V q (F s 0) whereas the optoelastic interaction is screened for V > V q (F ¼ 0). The solid curve refers to the model, see eqn (3). Ṽ
] is the interparticle distance above which the real and ghost colloids no longer interact at V ¼ 0. Eqn (3) is compared to experimental data by performing a t with two adjustable parameters, d * 0 and V F . As shown by the solid curve in Fig. 4 
x L, we conclude that our approach has satisfying self-consistency.
Next, we aim at describing the voltage dependence of parameter A that appears in the expression of F A . The starting point is to note that previous work suggested that A scales as the square of the characteristic radius of the laser-induced reorientation area. 12 The above successful analysis of the quenching voltage, however, suggests the overlap between the reorientation proles of the real and ghost colloids to be the relevant feature. We therefore propose the scaling A f l 2 , where l is the overlap distance, as depicted in Fig. 6 . Assuming for simplicity that r
and eqn (3), we get
whereŨ ¼ V/V q and 0 #Ũ # 1. The confrontation between the model and experimental data is shown in Fig. 5 (b) for d 0 ¼ 29 mm, where the t shown in Fig. 4 is used to x the value of V q (d 0 ). The obtained agreement is fairly good despite the simplicity of the model, which emphasizes the physical background of our model based on the asymptotic description of the director proles around the colloids. Consistently, the agreement between the predicted and experimentally measured voltage dependent interaction potential is all the more satisfying when the initial separation distance is large, as shown in the inset of Fig. 5(b) .
Discussion
Importantly, we recall that the observed anisotropic attractive potential, i.e. the 'easy-axis' optical trapping, 8 actually supports the fact that the observed laser induced distorted area results from the optical torque density exerted on the director eld rather than heating effects. It is indeed possible to distinguish thermal effects from purely dielectric optical reorientation effects merely by looking at the trapping area between crossed polarizers. At U ¼ 0, a bright spot is observed as a consequence of reorientation, which fades away as U is increased (not shown here). We thus conclude that present experiments deal with the nematic mesophase only. Consequently, we expect that the role of long-range orientational order in liquid crystal mesophases is worth investigating in various congurations of optical micromanipulation of colloids in anisotropic uids, see for instance the recent review paper by Trivedi et al. 18 and references therein. Moreover, the ability to fully control the optoelastic interaction of colloids by external electric elds in the case of positive dielectric anisotropy, as presented here, can be extended to the case of materials with negative dielectric anisotropy. Indeed, we anticipate a giant long-range order in that case as a result of the realignment of the director perpendicular to the electric eld. In particular, an anti-quenching voltage V ¼ V q can be introduced, above which the interaction starts to take place for a situation with initially screened interaction, i.e. d 0 $ d 
where V F should be written in that case as V F ¼ p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi K 3 =3 0 j3 a j p . This is illustrated in Fig. 7 . Interestingly, the interaction range
À1/2 is found to diverge as V / V F , when the whole nematic lm is at the onset of the electric Fréedericksz transition threshold. Such a situation should lead to novel hierarchical self-assembling protocols in so matter that would be worth investigating experimentally. To conclude, it has been demonstrated experimentally that the optoelastic interaction between a light eld and a colloidal particle in nematic liquid crystals can by tuned at will by using an external electric eld that controls the distance above which the interaction is screened by thermal orientational uctuation of the nematic host. Experimental results are supported by a simple analytical model that is able to handle the case of positive or negative dielectric anisotropy of the liquid crystal. Interaction quenching has been found in the former case whereas anti-quenching and diverging long-range interaction has been predicted in the latter case.
